INTRODUCTION
The use of modulated laser pulses to generate ultrasonic tonebursts has been demonstrated in recent years for improving the signal to noise ratio of laser generated ultrasound waves [l] . Q-switched laser pulses generate broadband signals that can be difficult to measure because statistically, white noise is also broadband. If narrowband ultrasound can be generated then bandpass filters can be used to narrow the bandwidth ofthe ultrasonic reception system. the signal to noise ratio is inversely proportional to bandwidth, so signal enhancement can be achieved by using modulation. This is the primary motivation for modulating laser pulses in ultrasonic nondestructive testing.
The possibility of intensity modulating long laser pulses (100 Il s or greater) to generate narrowband ultrasound has been proposed by Jarzynski et al. [2] . The goal of temporal intensity modulation is to focus a significant fraction ofthe ultrasonic energy into a band centered around the modulation frequency. This would result in ultrasonic signals that could be detected by narrowband receivers. Also, because the SNR (signal to noise ratio) is inversely proportional to the system bandwidth, noise rejection using modulation would be greatly improved over the use of Q-switched laser pulses.
Most previous researchers have employed discrete modulated laser pulse trains, as shown in Figure 1 . Discrete modulation can be produced using either spatial modulation via fiber optic arrays, or by using temporal modulation. One way of producing discrete temporal modulation is by firing a single Q-switched laser repetitively, and in this case the repetition rate determines the modulation frequency [3] . Continuous modulation, shown in Figure 1 , has been investigated experimentally by Pierce [4] and Pierce et al. [5] using a Bragg cell. The time domain signal for continuous modulation is given by
where H(t) denotes the Heaviside step function, n is the desired number of pulses in the modulated train, f is the modulation frequency in hertz, and 0) = 21t f. For discrete modulation, (2) where fl is the frequency of the individual pulses, 0) I = 2 nfl ' n is the desired number of pulses, and fis the modulation frequency.
The Fourier transforms of Equations 1 and 2 are readily determined, from which the frequency spectrums can be calculated. The frequency spectrums for both discrete and continuous modulation are shown in Figure 2 . The dimensionless modulation frequency is equal to 1 in Figure 1 , thus a band centered around I is expected in the frequency domain in Figure 2 . From Figure 2 it is clear that the continuous pulse train focuses more energy around the modulation frequency, while the discrete pulse train shifts more energy into periodically recurring bands above the modulation frequency. This is the relative advantage of continuous modulation over discrete modulation.
An immediate question which arises in practice is how many pulses should be used in a modulated pulse train. The smallest pulse train lengths are desirable in practice, because longer pulse trains may lead to a loss of temporal resolution. Real receiving electronic systems can only store a finite number of data points, and as pulse train length increases so does the size of the necessary time window. As the time window size increases the time step between data points increases, resulting in a loss The purpose of this work is to study continuously modulated laser pulse trains, as shown in Figure 1 , usiilg a numerical model. Specifically, it is shown that an appropriate pulse train length may be determined by looking at the wall of diminishing returns, i.e. the pulse train length beyond which little further improvement in signal enhancement is obtained. It is found that the wall of diminishing returns occurs at progressively shorter pulse train lengths as the modulation frequency decreases.
MATHEMATICAL MODEL
Consider a half-space subjected to a laser pulse at the surface. The surface remains stress free at all times. With r 2: 0, 0 s z , and t 2: 0, a2y (A+2IJ)Ve-2IJVxO) = P at 2 +pove -k oz Iz = 0 -q (r, t) + 'tR ot (5) To obtain solutions the Helmholtz decomposition is first applied, then Hankel and Laplace transforms are applied to the r coordinate and time, respectively. These solutions have been given in previous works [6, 7] and are not repeated here. The zero order Hankel transform of a function g(r) and its inversion integral are where the real valued Y is the Hankel transform variable and Jo(z) is the zero order ordinary Bessel function. The Laplace transform off(t) and its inversion integral are
where the Laplace transform variable s is a complex number, and O'p is greater than the right-most pole of P(s). The Hankel-Laplace transformed solutions are (8) A similar expression obtains for the inversion of w( y;z;s). The numerical methods used to evaluate Equation 8 were given by Sanderson [7] . The temporal profile ofthe laser pulse was assumed to be given by Equation 1 throughout this work, while the spatial profile was assumed to be Gaussian.
NUMERICAL RESULTS
Shear waves in aluminum, with various pulse train lengths, at an observation angle of300, are shown in Figure 3 for a 1 MHz modulation frequency, and their FFTs (Fast Fourier Transforms) are shown in Figure 4 . It can be seen in Figure 4 that the shifting of the center frequency to the modulation frequency is gradual, and that there is a minimum necessary pulse train length if good signal enhancement (e.g., reasonably narrowband ultrasound) is to be produced.
Shear waves at a 5 MHz modulation frequency are shown in Figure 5 Figure 5 are given in Figure 6 , where the gradual shifting effect can again be seen.
An optimum pulse train length is difficult to define. However, one measure of signal enhancement due to modulation is to look at the reduction in bandwidth that occurs as the pulse train length increases. In this work bandwidth was measured at the half-power points, where the amplitude of the spikes in Figures 4 and 6 is 0.707. Shear waves at 30° in aluminum were computed for 500 kHz, and 1-5 MHz modulation frequencies, in 1 MHz increments, and the signal bandwidth was measured as a function of pulse train length. It was found that in general, a minimum of 3 pulses was required at all modulation frequencies in order to obtain good signal enhancement.
Signal bandwidth versus pulse train length is shown in Figure 7 for all modulation frequencies considered in this work. It can be seen that for 500 kHz and 1 MHz, the wall of diminishing returns occurs at around four or five pulses. But as the modulation frequency increases, the wall of diminishing returns occurs at progressively longer pulse train lengths. Thus, higher modulation frequencies will benefit more from longer pulse trains than will shorter modulation frequencies.
More in-depth studies of continuous modulated ultrasound waves and pulse train lengths are in progress at Georgia Tech, and will be reported in future works. CONCLUSIONS A numerical model of laser generated ultrasound was used to study the bandwidth reduction versus pulse train length of waveforms produced by continuous modulated laser pulses. It was found that the wall of diminishing returns occurs at progressively shorter pulse train lengths as the modulation frequency decreases. 
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